Drosophila typically move toward light (phototax positively) when startled. The various species of Drosophila exhibit some variation in their respective mean phototactic behaviors; however, it is not clear to what extent genetically identical individuals within each species behave idiosyncratically. Such behavioral individuality has indeed been observed in laboratory arthropods; however, the neurobiological factors underlying individual-to-individual behavioral differences are unknown. We developed "FlyVac," a high-throughput device for automatically assessing phototaxis in single animals in parallel. We observed surprising variability within every species and strain tested, including identically reared, isogenic strains. In an extreme example, a domesticated strain of Drosophila simulans harbored both strongly photopositive and strongly photonegative individuals. The particular behavior of an individual fly is not heritable and, because it persists for its lifetime, constitutes a model system for elucidating the molecular mechanisms of personality. Although all strains assayed had greater than expected variation (assuming binomial sampling), some had more than others, implying a genetic basis. Using genetics and pharmacology, we identified the metabolite transporter White and white-dependent serotonin as suppressors of phototactic personality. Because we observed behavioral idiosyncrasy in all experimental groups, we suspect it is present in most behaviors of most animals.
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ethology | stochasticity | bet-hedging | Ischnopterapion virens F ew debates in biology have generated broader interest than nature versus nurture. Not surprisingly, both heritable and environmental factors play significant roles in shaping an organism's traits. However, the precise contributions of genetic and environmental factors to complex traits, such as most behaviors, are poorly understood. Behavioral individuality, in the absence of genetic variation, has indeed been observed in the laboratory. Specifically, clonal pea aphids were shown to vary in their predator escape behavior, and these differences were maintained for at least 5 d (1) . In another example, the naïve odor preference of fruit flies was highly variable across individuals (2) . These experiments suggest that even when deterministic influences from genetics and environment are held constant, there is nevertheless considerable behavioral variability. Drosophila is an ideal model system to test whether individuals, matched both genetically and environmentally, possess unique behavioral personalities, and what genetic and neurobiological factors control the magnitude of this idiosyncrasy.
To determine whether individuals are behaving idiosyncratically we need to measure the trial-to-trial variation in an individual's behavior and compare that to the variation between individuals. If we observe greater variability between individuals than within individuals (that cannot be explained by sampling error), this would constitute evidence for behavioral idiosyncrasy. This analysis requires many trials per individual across many individuals. To explore and quantify the extent of variation in a simple behavior, we built FlyVac, an automated device to test the startled phototaxis behavior of many individual flies in parallel.
Results

Rapid Quantification of Phototaxis Behavior in Individual Flies Using
FlyVac. Operation of FlyVac begins by loading individual flies into separate behavioral modules, each containing a phototactic Tmaze in which one choice tube leads to a lit light-emitting diode (LED) (Fig. 1A, Fig. S1 A and B, and Movie S1). After a fly enters the maze and makes a choice, FlyVac (i) records the direction of the choice, (ii) randomizes the light and dark stimulus LEDs, and (iii) sends vacuum pulses to the module. These pulses whisk the fly back into the start tube of the T-maze (initiating a new trial), where an injury-mitigating "vacuum trap" catches the fly on a cushion of air ( Fig. 1 B and C, Fig. S1 C and D, and Movie S2).
During testing, individual flies generally did not display learning or adaptation with respect to their light-choice probability ( Fig. 1D and Fig. S1 E and F) , which was not surprising given that they experience vacuum pulses irrespective of their phototactic choices. However, they did display adaptation in the form of increasing latency between completed trials (Fig. 1D) . Importantly, the lightdark choice of a fly for any particular trial was essentially uncorrelated to its previous choice (the mutual information between successive trials, averaged across individuals, of the wild-type strain Canton-S, was 0.017 ± 0.0013 bits, on a scale of 0-1). Thus, we were able to treat all choices as statistically independent and by assaying large numbers of individuals many times each (40 trials, chosen arbitrarily; Dataset S1), we were able to quantify the individual-to-individual variation in phototaxis for any given strain.
All Strains Exhibit More Behavioral Variability than Expected by
Chance Alone. We first investigated the phototactic behavior of the laboratory wild-type Drosophila melanogaster strain Canton-S. As expected, these animals were photopositive, choosing the light 80% of the time, on average ( Fig. 1 E and F) . The distribution of observed light-choice probabilities was superficially similar to what we expected from a population composed of animals with identical light-choice probabilities. However, some animals displayed very unlikely behaviors (Fig. 1F ). For example, 1 animal (of 176 tested) chose the light 40 of 40 times (P = 0.023, corrected for multiple comparisons, assuming that light is chosen with a probability equal to the population mean). Another laboratory strain, melanogaster w 1118 (null for the gene white, and the background strain for most transgenics) displayed lower average preference (61%) but, strikingly, had a much broader distribution of light-choice probabilities ( Fig. 2A ) than would be expected by chance if all animals were choosing light 61% of the time [P < 10 −10 by χ 2 test of variance; P < 0.001 by interquartile range (IQR) comparison]. We determined the expected distribution of observed light-choice probabilities by assuming that each fly chooses light with a probability equal to the fraction of all choices made by that strain that were photopositive. Because successive trials were effectively independent, the distribution of outcomes under this assumption can be modeled by binomial distributions, with parameters n i indicating the number of trials completed by each fly. As a check that FlyVac itself was not introducing artifacts, we assayed w 1118 animals with both stimulus LEDs on. In this situation, when the animal reaches the choice point, both choice stimuli are identical, but one of the two maze branches was designated, arbitrarily, to be the "light-positive" direction. As expected, the resulting distribution was statistically indistinguishable from the random binomial expectation (Fig. 2B) . We also assayed blind norpA flies (3), and their behavioral distributions matched the random binomial expectation (Fig. 2C) . Additionally, we verified that trial completion time, birth order, maternal identity, sex, reproductive status, and circadian rhythm had no, or negligible, effect on light-choice probability (Fig. S2 A-F) .
The phenomenon of individual-to-individual variability was not restricted to domesticated D. melanogaster (Fig. 2 D-H) . Indeed, strains of D. simulans and D. pseudoobscura exhibited the greatest behavioral variation. With the exception of control experiments ( Fig. 2 B and C) , every strain we tested exhibited variability beyond expectation (Fig. 2G) . We even observed this phenomenon in insects of a different order: wild caught white clover weevils (Ischnopterapion virens), strongly suggesting that behavioral idiosyncrasy is ubiquitous.
The light-choice probability distributions of several strains were clearly not Gaussian, so we devised a nonparametric log 2 -linearized metric to quantify variability beyond expectation (VBE). On this scale, VBE = 0 indicates that the observed behavioral variability within a population equals the sampling variability expected of animals choosing light with identical probabilities (e.g., the blind norpA flies, with VBE not statistically distinct from 0). VBE = 1 indicates twice as much variability as expected, VBE = 2 four times as much, etc. VBE ranged from 0.35 for Cambridge-A (D. melanogaster) to 1.3 for simulans w 501 ( Fig. 2 G and H), 27% and 146% excess variability respectively. VBE was greater than zero in all noncontrol experiments (10 −93 < P < 0.007 by χ 2 , IQR, and z tests). D. simulans strains had higher VBE scores than most D. melanogaster strains, suggesting the magnitude of behavioral idiosyncrasy may vary between species. Notably, the average VBE of isogenic D. melanogaster strains (0.65) was greater than that of polygenic strains (0.43; P = 0.045 by t test). Furthermore, aggressively inbreeding the isogenic strain D. melanogaster w 1118 for an additional 10 generations did not alter the VBE (Fig. 2 G and H), suggesting that genetic differences between individuals are unlikely to explain their idiosyncratic behaviors.
Behavioral Variability Constitutes a Form of Fly Personality. Next, we directly tested whether the idiosyncratic behavior of outlier flies is heritable. Starting with the isogenized and inbred w 1118 (iso) strain, we bred nine pairs of parents chosen from the tails of the original behavioral distribution. There was no evidence of heritability between the light-choice probability of the parental pairs and their respective progeny [ Fig. 3A ; mean h 2 = 0.044 ± 0.084 by selection test of heritability (4)], reiterating that cryptic heritable variation does not explain the behavioral differences between individuals, nor consequently the VBE of the population. However, the magnitude of VBE varies between genetically distinct strains ( Fig. 2) , presumably due to loci polymorphic between strains but not within them.
Perhaps environmental variability, such as differing visual (5), nutritive (6), or social (7) experience, causes VBE. To test this, we reared animals singly, from eggs, in their own vials, in darkness. The VBE of these "environment-matched" animals was slightly reduced (Fig. 3B ), but statistically indistinct from w 1118 (iso) animals (P = 0.11 by bootstrap resampling), and significantly greater than zero (P < 0.001 by χ 2 , IQR, and z tests). Thus, genetically identical animals, in very closely matched environmental conditions, still display much more behavioral variation than expected by sampling error alone.
We wondered whether the idiosyncratic behavior of an individual fly would remain if the animal was assayed again at later time points. Flies were assayed once at 5 d posteclosion and then again at one of several time points ranging from 1 d to 28 d later ( Fig. 3C and Fig. S2G ). The idiosyncratic behavior of each fly was partially preserved (i.e., dark-preferring flies remained darkpreferring) over at least 4 wk, essentially a fly lifetime. Thus, VBE can be interpreted as phototactic "personality" [sensu (1) ].
white Gene Suppresses Behavioral Variability. What molecular factors, if any, determine the extent of personality? Recall that every strain assayed displayed more variation than expected, and yet some had much more than others, suggesting a genetic underpinning (Figs. 2H and 4A) . We observed that the w 1118 strain showed the greatest VBE within D. melanogaster and, similarly, the VBE of simulans w 501 was greater than that of the wild-type D. simulans strain. Both the w 1118 and w 501 alleles of white are loss of function mutations, rendering the animals white-eyed. Importantly, although they lack screening pigments and have reduced visual acuity (8), white-eyed Drosophila are not blind; they phototax positively ( Fig. 2A) and have elevated personality; blind flies lack visual personality altogether (Fig. 2C) .
To test whether white affects VBE, we moved the simulans mutant w 501 allele of white into a wild-type genetic background by Table S1 for strain details. Labels and images in H indicate species. (H) For the same groups, metric indicating the amount of behavioral variability beyond statistical expectation (VBE). On a log 2 scale, VBE = 0 indicates no excess variability, and VBE = 1 indicates twice as much variability as would be expected by chance alone. Shades of bars indicate the degree of polygenicity in each strain. Polygenic Drosophila lines were recently caught near Boston, MA, and cultured in the laboratory before testing. Wild clover weevils (Ischnopterapion virens) were caught and tested immediately. Error bars are ±1 SE as calculated by bootstrap resampling; all strains (other than controls) have VBE > 0 with P < 0.007 (by z test and VBE resampling). Numbers above indicate sample sizes. (B) Light-choice probability histograms for w 1118 (iso) (as in Fig. 2 A-E) reared with and without strict environmental matching. (C) Correlation coefficient (r) of individual light-choice probabilities between first and second testings versus time interval between the tests. The dashed line indicates the upper bound on the correlation, given sampling error, and under the assumption that individual flies choose light in the second session with the probability they display in the first session. Error bars are ±1 SE, calculated by bootstrap resampling; numbers indicate sample sizes. introgression for 10 generations. We also reciprocally moved the white + allele into the mutant background. These two introgressions recapitulated the VBE seen in the original strains (Fig. 4B) , suggesting white (or some closely linked locus) accounts for the entire difference. We repeated these introgressions in D. melanogaster as well, moving the mutant w 1118 allele into the Canton-S wild-type and the white + allele into the mutant strain; the results were even more striking than the D. simulans experiment (Fig. 4C) .
The independent D. simulans introgression lines were observed to have a wide variety of average light-choice probabilities that were statistically distinct (Fig. 4D) , presumably because of their each having distinct recombination break points introduced by introgression, and, consequently, distinct polymorphisms affecting their light-choice probability. However, the associated VBEs of these lines were uncorrelated to light-choice probability (r = -0.012; P = 0.97). We conclude that although white mutants have reduced visual acuity and slightly reduced average lightchoice probabilities (Figs. 4D and 2G) , their greater VBE is not an artifact of either of these qualities.
Next, we set out to rescue the elevated VBE of the white mutant by backcrossing to w 1118 (iso) the transgenic white + strain 104Y (9) (which expresses white + constitutively in the w 1118 background, as well as Gal4, which is incidental to this experiment). This backcross yielded a brood in which half of the siblings were null for the white + transgene, whereas the other half had a single copy. The white + heterozygotes had significantly reduced VBE compared with the nulls (Fig. 4E) . We repeated this experiment using two additional white + transgenic strains (210Y and 121Y) and again found that the progeny with white + transgenes had lower VBE than their corresponding white-null siblings. The 13% reduction observed in 210Y was not statistically significant, perhaps because of weaker white + transgene expression; the 31% reduction in 121Y was significant (P = 0.042). Therefore, transgenic white + rescues the high personality of w 1118 mutants.
Why would a gene in an eye pigment pathway affect personality? white encodes an ATP-binding cassette transporter that heterodimerizes with either the protein Brown or Scarlet to transport guanine or tryptophan, respectively (10), which are converted into the pigments drosopterin and xanthommatin, respectively. However, tryptophan is also a precursor of serotonin (11) , whereas guanine is a precursor of biopterin, a cofactor involved in both serotonin and dopamine synthesis (12) (Fig. 4F) . Indeed, white mutants have diminished concentrations of the neurotransmitters serotonin, dopamine, and histamine (13, 14) and concomitant behavioral phenotypes affecting courtship (15) , spatial learning (16) , and olfactory learning (17) . To further investigate the role of white, we assayed the mutants brown, scarlet, and cinnabar (which encodes an enzyme in the xanthommatin synthesis pathway downstream of Scarlet but not in the serotonin synthesis pathway). The VBE of scarlet (Fig. 4G) was greater than that of either brown (P = 0.048) or cinnabar, (P = 0.019), suggesting a role for serotonin specifically (although these mutations were not in a common, recently isogenized background, so we cannot formally rule out another polymorphism).
White-Mediated Serotonin Suppresses Behavioral Variability. If serotonin is involved in regulating personality, pharmacological manipulation of serotonin levels should alter VBE. Feeding Canton-S adults α-methyl-tryptophan (aMW), a serotonin-synthesis inhibitor (18) , increased VBE significantly (Fig. 5A) . Conversely, feeding w 1118 (iso) animals 5-hydroxytryptophan (5HTP), a serotonin precursor, suppressed personality to a Canton-S-like level (Fig. 5B) . Because 5HTP suppresses personality in the white mutant strain, we wondered whether it could further reduce VBE in wild-type animals. Canton-S flies fed 5HTP did not show a change in VBE (Fig.  5A) , suggesting that there are limitations in the extent to which serotonin can suppress phototactic personality. Because white mutation also reduces levels of dopamine and histamine (13), we fed inhibitors of these neurotransmitters [α-methyl-tyrosine (aMY) (19) and hydroxyzine (20) , respectively] to wild-type animals and found no effect (Fig. 5A) . Similarly, feeding white mutants the dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA) had no effect. We also looked for a role for the inhibitory neurotransmitter γ-aminobutyric acid (GABA), which has been shown to tune olfactory behavioral responses (21) and is strongly expressed in the central complex (22) , a region of the brain involved in stimulus choice behaviors (23) . Synthesis of the inhibitory neurotransmitter GABA is white-independent, and we found that feeding flies picrotoxin, an antagonist of GABA A receptor channels (24) , had no effect on VBE (Fig. 5A) . DL-2,4-diaminobutyric acid (DABA), a selective inhibitor of the GABA uptake system, increases the GABA concentration in the synaptic cleft (25) but had no effect on the VBE of Canton-S flies. Finally, rearing larvae in either neurotransmitter precursors (5HTP or L-DOPA) or synthesis inhibitors (aMW or aMY) had no effect on the VBE of the resulting adults (Fig. 5 C and D) . In summary, of the drugs we investigated, only those affecting serotonin modified behavioral variability and only when fed to adult flies.
Although the lack of response to a pharmacological agent cannot be taken as definitive evidence of no role for the corresponding neurotransmitter, these pharmacological experiments were based on previous treatments known to affect behavior. To confirm that the drugs were bioavailable in the fly brain, we examined two other behavioral features measured by FlyVac data: the group light-choice probabilities and group activity levels (as measured by the mean intertrial completion time). Each drug exerted a small, but highly significant effect (attributable to the large sample sizes generated by FlyVac) on at least one of these behavioral measurements (Fig. S3) , indicating that they were bioavailable and had the potential to modify VBE. Thus, endogenous serotonin, but likely not dopamine, histamine, or GABA, suppresses phototactic personality, and exogenous serotonin can rescue the excessive personality levels of white mutants.
Discussion
Here, we examined the question of whether genetically identical animals raised in identical conditions exhibit behavioral variation. Using our high-throughput behavioral device FlyVac, we found that all strains of Drosophila displayed more variation than would be expected by chance alone, with animals that were improbably photopositive and photonegative. This variation beyond expectation could only be studied once large numbers of animals were assayed individually. To that end, we assayed 17,600 animals individually across all experiments (Dataset S1). The observed variation did not diminish after additional inbreeding; rather, the VBE of isogenic strains was greater than that of polygenic strains. Nor did VBE diminish after selectively breeding animals from the tails of the distributions. Thus, behavioral idiosyncrasy cannot be explained by cryptic genetic variation, unless it arose by de novo mutations (e.g., ref. 26) in all of these populations.
Although genetic variation within a strain cannot account for phototactic personality, the amount of behavioral variability between strains varied significantly, suggesting that genetic factors underlie differences in the magnitudes of variation. This led us to the gene white and its purported role as an importer of metabolic precursors of serotonin. Indeed, we reduced the extreme variation of white mutants by feeding them the serotonin precursor 5HTP as adults. Likewise, we increased the variation in wild-type adults by feeding them an inhibitor of serotonin biosynthesis. Feeding these drugs to larvae had no effect on behavioral variability. Because light-choice probability remained constant in experiments that altered variability, we conclude that serotonin signaling alters processes that diversify phototactic polarity, rather than phototactic polarity itself. We favor a model where developmental noise changes critical properties of the neural circuitry underlying phototactic polarity and that serotonin normally acts to counteract this noise in adults (Fig. 6) . Such diversifying processes have been shown to act at both the level of neuronal wiring and physiology within arthropod brains (27, 28) .
In the adult Drosophila brain, a relatively small number of neurons are serotonergic yet they arborize extensively throughout the brain (14, 29) . Serotonin is detected in all neuropils of the optic lobes (lamina, medulla, lobula, and lobula plate) (29) , including wide-field tangential neurons. Interestingly, the optic lobes of the larval CNS do not contain serotonin, which may explain why our drug treatments only affect VBE when treated as adults. Thus, serotonin is expressed in neurons capable of modulating the widefield representation of visual information as well as higher order visual features. The presence of personality in all tested Drosophila strains suggests it may be a universal phenomenon that should be investigated in other behavioral paradigms. For example, is there personality in chemotaxis or geotaxis? If so, any cross-modality correlation in the idiosyncratic behaviors of individually tested flies would indicate that the neuronal pathways underlying those behaviors are overlapping. That is, if unusually photopositive animals are also unusually negatively geotactic, we would predict shared elements in the neuronal pathways of these behaviors. One foreseeable challenge to the mechanistic study of personality in flies is an artifact of how most transgenic animals are generated, using ectopic white + as a marker for the insertion of the construct into a w 1118 background. As we have shown, both genomic white mutations and ectopic white transgenes modify behavioral variability.
Nonheritable variation seems at first maladaptive, but perhaps it is tolerated as a pleiotropic consequence of other beneficial attributes. We propose three such possibilities. First, perhaps personality is the tradeoff for the rapid development of the boom-bust fruit fly (30); the developing brain is wired quickly but with some error. Second, perhaps the metabolic cost of complete suppression of personality is too high for the organism (31); it is advantageous to accept the presence of rare maladapted animals rather than bear the cost of additional regulatory pathways needed to develop with higher stereotypy. Third, perhaps personality is the byproduct of a neural circuit that is "balanced on a knife's edge" in terms of identifying a stimulus as attractive or aversive. Such a circuit would (i) generate a potentially advantageous mixed behavioral strategy (32) of, effectively at random, choosing to go toward the light with a particular average probability; (ii) be sensitive to any contravening stimuli, such as the appearance of a dragonfly; but also (iii) be sensitive to any small, intrinsic biases introduced by the neurons upstream of the circuit that resolves the phototactic decision. Alternatively, personality could be adaptive as a means of bet-hedging whereby variation that affects viability (but cannot be inherited) may allow outlier members of a species to survive acute transient stresses without altering the phenotypic distribution of their progeny.
Experimental Procedures
Insect Stocks. Clover weevils were caught by net and tested immediately. Flies were reared under standard growth conditions, except where otherwise noted. See SI Experimental Procedures for detailed rearing procedures and Table S1 , indicating genotypes and sources for all strains used.
Pharmacology. Drugs were dissolved in Formula 4-24 instant Drosophila media (Carolina Biological Supply). For the drug-feeding, recently eclosed flies were transferred to vials of drug-containing media, incubated for 5 d, and then assayed. For drug-rearing, flies laid eggs in drug-containing media. Upon eclosion, drug-reared flies were transferred to drug-free food for 5 d and then assayed. See SI Experimental Procedures and Table S2 for drug protocols.
Statistical Analysis. Expected light-choice probability distributions were calculated analytically. VBE errors and hypothesis testing were performed by bootstrap analysis using custom scripts in MATLAB (MathWorks). See SI Experimental Procedures and Tables S3 and S4 for details.
